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Abstract

Several mitochondrial diseases are caused by pathogenic variants that impair

membrane phospholipid remodeling, with no FDA-approved therapies. Elami-

pretide targets the inner mitochondrial membrane where it binds to cardioli-

pin, resulting in improved membrane stability, cellular respiration, and ATP

production. In clinical trials, elamipretide produced clinical and functional

improvements in adults and adolescents with mitochondrial disorders, such as

primary mitochondrial myopathy and Barth syndrome; however, experience in

younger patients is limited and to our knowledge, these are the first case

reports on the safety and efficacy of elamipretide treatment in children under

12 years of age. We describe the use of elamipretide in patients with mitochon-

drial disorders to provide dosing parameters in patients aged <12 years.
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1 | BACKGROUND

Several mitochondrial diseases are caused by pathogenic vari-
ants that impairmembrane phospholipid remodeling, includ-
ing Barth syndrome (MIM #302060), 3-methylglutaconic
aciduria, deafness, encephalopathy, Leigh-like disease
(MEGDEL, MIM #614739), and Sengers syndrome (MIM
#212350). Although there are no US Food and Drug
Administration (FDA)–approved therapies for these con-
ditions, the FDA has provided guidance on expanded
access for the use of investigational drugs, including ela-
mipretide, for patients with serious diseases who lack ther-
apeutic alternatives when there is a biologic plausibility to
predict efficacy.1 Elamipretide, a cell-permeable peptide
that has been shown to target the inner mitochondrial
membrane where it binds to cardiolipin, resulting in
improved membrane stability, cellular respiration, and
ATP production,2,3 has been evaluated in adult and adoles-
cent patients with mitochondrial disorders, such as pri-
mary mitochondrial myopathy and Barth syndrome,
producing clinical and functional improvements.4–6 There
is little experience with elamipretide in younger patients
and those with other mitochondrial diseases. We describe
the use of elamipretide in a series of patients with various
mitochondrial disorders with a goal of providing insight
on dosing and rationale for its use.

1.1 | Case series

1.1.1 | Case 1: Barth syndrome

A male patient presenting with heart gallop within hours
of birth was found to have lactic acidosis and severe left
ventricular (LV) dysfunction characterized by severe
dilated cardiomyopathy and an ejection fraction (EF) of
approximately 20%. The cardiomyopathy was unresponsive
to medical management. Exome sequencing identified a
pathogenic variant in Tafazzin (TAZ c.212C > T), consis-
tent with a diagnosis of Barth syndrome (diagnosis based
on entry in a previous study at 3 weeks of age that included
rapid genome sequencing) and related cardiomyopathy. It
was decided to initiate elamipretide at 3 weeks of age as
his EF (Table 1) had not significantly improved on maxi-
mal medical therapy that included milrinone, sacubitril/
valsartan, and carvedilol. The initial dose of elamipretide
was 0.25 mg/kg/day administered intravenously with
weight-based upward titration to 0.5 mg/kg/day beginning
at 1 week. Each dose was administered over 2 h. At
4 weeks, the patient was switched to subcutaneous
(SQ) dosing at 0.5 mg/kg/day (10 mg/ml formulation of
elamipretide) and discharged from the hospital on that
dose. SQ dosing was chosen because of the concerns for a

high infection risk with an indwelling central catheter
(PICC line) in the setting of neutropenia, a feature of Barth
syndrome. An IND provided the approval. Additional med-
ications administered since discharge included filgrastim,
sacubitril/valsartan, carvedilol, and spironolactone. Since
Barth syndrome is often associated with reduced arginine
levels, arginine was also added to the medication regimen.
This dosing schema resulted in a gradual improvement of
EF to between 45% and 55%, although dyskinesia of the LV
remained (Table 1). Neutropenia was improved on filgras-
tim, with normal absolute neutrophil counts ranging from
1020 to 1200 mm3 after therapy was started. The compre-
hensive metabolic panel and CK were normal after
1 month of age, although there was a mild persistent lactic
acidosis ranging from 2.0 to 4.4 mmol/L. At 4 months of
age, the patient was meeting all developmental milestones.
There were no adverse events related to elamipretide,
regardless of the route of administration (IV or SQ). At
5.5 months of age, the patient died with autopsy listing the
cause of death as undetermined with other significant con-
ditions: Barth syndrome, unsafe sleep environment, and
Klebsiella pneumoniae bacteremia. The total time on treat-
ment with elamipretide was 150 days.

1.1.2 | Case 2: MEGDEL syndrome

A male patient presented to the clinic with MEGDEL syn-
drome secondary to compound heterozygous pathogenic
variants in the SERAC1 gene (c.548G > A and c.222_
228dupAT). The patient had experienced significant devel-
opmental delays in early motor development (i.e., not sitting
alone until 14 months or crawling until 20 months and
ambulating with a walker at 3 years). Dysarthria resulted in
impediments to communication that caused him to be diffi-
cult to understand. At his best, he spoke in 4-to-5-word
sentences, and his speech was approximately 50% under-
standable to a stranger. Although he experienced sporadic
brief regressions with illness, he mostly gained skills until
the age of 5 years when he began to display regression,
likely due to myopathy. After this age, he began to lose the
ability to use his walker and by age 6 could no longer stand.
Articulation also became progressively more dysarthric. An
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Dosing parameters for the use of elamipretide in
patients <12 years of age with mitochondrial dis-
eases caused by pathogenic variants that impair
membrane phospholipid remodeling are provided.
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echocardiogram and renal evaluations at age 4 revealed no
abnormalities. At 3 years of age, the patient experienced an
acute episode in which he was found unresponsive and had
a lactic acid level of 7.9 mmol/L. He received IV fluids, and
symptoms resolved after an overnight hospitalization. The
symptoms have not recurred. At 6 years and 7 months of
age, elamipretide was initiated at a SQ dose of 10 mg/day
(0.58 mg/kg/day) with a predetermined plan to increase the
dose to 20 mg/day when he reached a weight of 20 kg. Since
this weight has not been attained, the patient remains on
10 mg SQ daily at 7 years and 10 months. The patient expe-
rienced mild injection site reactions, but otherwise no
adverse reactions to elamipretide were observed. After 1 year
and 3 months of therapy at this dose, the patient has demon-
strated developmental progress and a lack of continued
regression (Table 2 and Figure 1). While the patient's parents
noted improved stamina and strength, his push frequency
and one-push stroke on the wheelchair propulsion test sig-
nificantly improved. He is again speaking in 3-to-4-word
sentences, and speech is more understandable, most likely
due to improved motor function. He is able to sit alone,
stand with support, and use his gait trainer.

1.1.3 | Case 3: Sengers syndrome

A male patient presented at 3 weeks of age with severe
hypertrophic cardiomyopathy, bilateral cataracts, and
significant hypotonia. Physical examination and whole
genome analysis revealed he was homozygous for an
Icelandic founder mutation (p.Ile348AsnfsTer39) in the
acylglycerol kinase (AGK) gene, and a diagnosis of Sen-
gers syndrome was made based on symptoms and geno-
type. Genetic analysis also revealed that he was a carrier
of two variants in the GPT2 gene, one from his mother
[c.247C > T p(Arg92*)] and the other from his father
[c.371G > C p(Ser124ThrI)], the latter being a variant of
uncertain significance; however, his phenotype was not
consistent with GPT2-deficiency, so this diagnosis was
disregarded. It is worth noting that his presentation was
unusually aggressive compared with other Icelandic
patients carrying these particular founder variants, so it
is not impossible that the other variants affected the
phenotype in some way. The boy was initiated on beta-
blocker therapy that was gradually titrated up (including
during the trial with elamipretide), and beginning at age

TABLE 1 Barth syndrome patient (Case 1) imaging data

Date Modality
SF
% EF%

LVEDD
mm (Z)

LV
hypertrophy LV function RV function

11/12/20 TTE 13 26–39 19 (�0.1) Moderate-severe Normal

11/13/20 TTE 21 44–48 19 (0) Mild, dyskinetic Low-normal to mild dysfxn

11/14/20 TTE 26 Severe Mild, dyskinetic Mild

11/15/20 TTE 19 45 20 (+0.8) Mild, dyskinetic Mild

11/19/20 TTE 10 40–50 21 (+1.1) Moderate, dyskinetic Mild

11/24/20 TTE 17 25–28 23 (+2.6) Moderate Severe, dyskinetic Normal

11/25/20 TTE 11 35 21 (+1.2) Moderate Severe, dyskinetic Normal

11/30/20 TTE 13 26–32 22 (+1.8) Moderate Severe, dyskinetic Normal

12/02/20 Initiation of sacubitril-valsartan

12/4/20 TTE 18 37–38 20 (+0.7) Moderate Moderate, dyskinetic Low-normal

12/05/20 Initiation of elamipretide at 0.25 mg/kg

12/7/20 TTE 15 39–66 20 (�0.3) Mild Low-normal Normal

12/10/20 Off milrinone last

12/12/20 Elamipretide to 0.5 mg/kg

12/12/20 TTE 22 41–53 18 (�1.0) Mild Mild-moderate, dyskinetic Normal

12/16/20 TTE 41–54 20 (+0.2) Mild Mild, dyskinetic Normal

12/22/20 TTE 29 48 21 (+0.3) Mild Mild, dyskinetic Normal

12/30/20 TTE 23 51–54 20 (�0.3) Mild, LVNC Mild, dyskinetic Normal

1/15/21 TTE 21 44–46 22 (�0.1) Mild, LVNC Mild, dyskinetic Normal

2/19/21 TTE 22 58 19 (�2.4) Mild, LVNC Mild, dyskinetic Normal

4/15/2021 TTE 30 50–57 23 (�0.8) Mild, LVNC Low-normal, dyskinesic Normal

Abbreviations: EF, ejection fraction; LVEDD, left ventricle end-diastolic dimension; LVNC, left ventricular noncompaction; RV, right ventricle; SF, shortening
fraction; TTE, transthoracic echocardiogram.
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3 months, he received elamipretide (0.25 mg/kg IV
infused over 2 h [per protocol], every 24 h), and at
4 months of age, it was increased to 0.5 mg/kg IV
infused over 2 h every 24 h. This dose was then
increased per weight but not otherwise modified. Ther-
apy with elamipretide continued for approximately
6 months. The child was also treated with carnitine and
coenzyme Q10 supplements by a neurologist. The total
time on treatment with elamipretide for this patient was
187 days.

Pharmacokinetic (PK) analysis, including area under
the plasma concentration-time curve (AUC) and peak
plasma concentration, showed that elamipretide exposure
was similar to that observed in other elamipretide trials.7

Following the initiation of therapy, the patient experi-
enced subjective improvements from the prior week's eval-
uation in 13 of 21 visits using a Clinical Global Impression
scale with the severity of illness (global) score improving
from “markedly ill” to “borderline ill” during treatment
(Figure 2). Cardiac improvements included an increase in

TABLE 2 MEDGEL syndrome patient (Case 2) wheelchair propulsion test data

Date
Speed
(m/s)

Push frequency
(cycle/s)

Effectiveness
(m/cycle)

Time forward
wheeling (s)

Ramp
Ascent (s)

One-stroke
push (in)

10/22/19 (prior to
elamipretide treatment)

0.31 0.375 0.83 79.29 79.37 24

7/6/21 (during
elamipretide treatment)

0.22 0.545 0.83 <60 68.40 37

FIGURE 1 Gross motor function

measurement at baseline (prior to

elamipretide dose) and during

elamipretide treatment (Case 2)

FIGURE 2 Severity of illness score

during the first 4 months of treatment

with elamipretide (Case 3)
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the LV end-diastolic internal dimension (Z-score from
�2.7 to +0.7), a decrease ventricular septal thickness (Z-
score from 4.7 to 3.5), and a decrease in LV posterior wall
thickness (Z-score from 5.8 to 4.7). There were no side
effects that were attributable to elamipretide. The patient
experienced intermittent lactic acidosis and neutropenia
that were considered secondary to his condition. After
6 months of treatment, the patient underwent an elective
PEG (percutaneous endoscopic gastrostomy) placement
after which he experienced cardiac decompensation, fol-
lowed by multiorgan failure and death.

2 | DISCUSSION

These cases describing the expanded access use of elami-
pretide in patients with a range of diseases associated
with mitochondrial dysfunction provide insight regarding
elamipretide dosing, especially dosing in young patients
(Table 3). The patients described share several pheno-
typic traits related to mitochondrial dysfunction. Barth
syndrome is an X-linked genetic disease caused by muta-
tions in TAZ, the gene that encodes for a transacylase
involved in the remodeling of cardiolipin. Cardiolipin is a
crucial phospholipid found in the inner membrane of
mitochondria that is necessary for the proper functioning
of the respiratory chain.8 Barth syndrome is characterized
by cardiomyopathy, neutropenia, hypotonia, and growth
abnormalities.9,10 MEGDEL is caused by biallelic patho-
genic variants in the SERAC1 gene that produces mito-
chondrial dysfunction.11 Alterations in the gene produce
changes in the acyl chain composition of cardiolipin,
resulting in abnormal oxidative phosphorylation.11 Sen-
gers syndrome is a mitochondrial disease caused by
mutations in mitochondrial AGK, which is required for
the structural integrity of mitochondria and contributes

to the synthesis of cardiolipin. The disease is character-
ized by hypertrophic cardiomyopathy, skeletal myopathy,
and cataracts.12,13 Elamipretide 40 mg/day has been eval-
uated in patients aged ≥12 years with Barth syndrome
and in those aged ≥16 years with primary mitochondrial
myopathy,4–6 but there is very limited information on
dosing for younger patients and those with other mito-
chondrial disorders. In healthy adults and patients with
primary mitochondrial myopathy, IV and SQ doses of
elamipretide up to 0.25 mg/kg/h (up to 140 mg/day) for
up to 7 days have been used in clinical investigations.7

PK analyses suggest that elamipretide shows dose-
proportional exposure as measured by area under the
plasma concentration-time curve (AUC) and maximum
plasma concentrations at doses ranging from 2 to 80 mg7.
In adults, there was no apparent effect of age on the PKs
of elamipretide, although since elamipretide is eliminated
renally, elamipretide exposure increases significantly as
renal function decreases. In these instances, elamipretide
was well tolerated with few systemic adverse events
reported, primarily consisting of headache and
dizziness.4–6 The most common adverse events are local
injection-site reactions. In our case series, dosing in
younger patients assumed that the exposure-response
relationship would be similar to that in adolescents/
adults. Therefore, the target dose of elamipretide for
young patients was established by estimating the dose
that would demonstrate comparable PK exposure
(i.e., AUC) to that seen with a 40 mg dose in adults.
Physiological-based PK modeling of pediatric physiology
and its impact on the PKs of elamipretide were used to
determine the dose. The results indicated that weight-
normalized clearance in relation to blood flow does not
differ significantly across the ages simulated. Therefore,
plasma concentration-time profiles and AUC were
expected to be similar for pediatric patients <12 years of
age when utilizing weight-normalized doses. Based on
our experience, a dose of approximately 0.5 mg/kg/day is
well tolerated in pediatric patients <12 years of age.
Alternatively, weight-based doses of 5, 10, and 20 mg/day
for patients weighing <10, 10–20, and 20–40 kg, respec-
tively, appear to be reasonable. Given the small number
of patients in this series, some weight-based dosing rec-
ommendations were extrapolated from our findings, and
therefore no safety data exists for those categories.

3 | CONCLUSIONS

These cases demonstrate that weight-based dosing of elami-
pretide is well tolerated in patients <12 years of age. This
experience may guide the administration of elamipretide for
future patients enrolled in the expanded access program.

TABLE 3 Elamipretide dosing recommendations

Age
(years)

Weight
range (kg) Daily dose

<1a N/A This SQ product not to be used for
patients under 1 year of age

≥1 <10b 5 mg SQ daily

10–20 10 mg SQ daily

20–40b 20 mg SQ daily

>40b 40 mg SQ daily

aAll patients under 1 year of age should receive intravenous elamipretide.
Do not administer subcutaneous (SQ) elamipretide product via the
intravenous route. Contact EAP administrator for further information.
bOur case studies did not include patients in these weight ranges and

therefore the data is theoretical and based on extrapolation of the presented
findings.
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